Abstract: Polarisation characteristics in the focal region of a high numerical aperture objective illuminated with a radially polarised beam have been investigated with both full aperture illumination and annular illumination.
INTRODUCTION
Nowadays, radial polarisation illumination has attracted special interest due to its unique optical properties in the focal region [1, 2] . When a radially polarised beam is focused by an objective with a high numerical aperture (NA), a significant longitudinal component, which has an ultra small focal profiles, is generated in the focal region owing to the depolarisation effect [3, 4] . As a result, the overall focal spot size can be greatly reduced if the longitudinal component can be enhanced. The capacity of achieving much higher resolution has thus stimulated various exciting applications with radially polarised beams including linear and nonlinear microscopy and optical laser trapping and greatly enhanced surface plasmonic wave excitation [5] [6] [7] [8] [9] [10] . However, one of the most interesting properties of radially polarised beam that is the polarisation state in the focal region has been ignored in most of the research on radially polarised beam. Unlike the linearly polarised beam, in which depolarisation effect only generates strong Ez component with ignorable Ey component, in the focal region of a radially polarised beam all the three components (Ex, Ey and Ez) exist. This is beneficial for many applications, for example gold nanorods mediated cancer photothermal therapy [11] and optical data storage [12] , in which the excitation efficiency is highly sensitive to the incident light polarisation direction. It is thus highly desirable to study polarisation characteristics of the radially polarised beam in the focal region.
In this paper, by using the vectorial-Debye diffraction theory, not only the focal field components but also the polarisation distribution of each component in the focal region of a high NA objective have been investigated. Furthermore, the manipulation of different polarisation components has been studied by employing an annular beam illumination. The electric field in the focal region at point P 2 can be obtained from the generalized Debye integral, expressed for a radially polarised beam as equation (2) [3]. The indices 0, 1 and 2 denote the parameters in vacumm, medium 1 and medium 2, respectively. λ is the wavelength and k is the wave vector. θ is the focusing angle between the optical axis and the propagation unit vector. α is the maximal angle determined by the numerical aperture of the objective. n is the refractive index. d is the distance from the interface to the geometric focus. φ is the angle between the refracted electric field direction after an objective and the positive x axis. ψ is the angle between the electric field direction in the focal plane and the positive x axis. In our calculation, we assume the focal plane the same as the x-y plane (d=0). A plane wave and a water immersion aplanatic objective of NA 1.2 are used. n 1 and n 2 are 1.515 and 1.33, respectively. The illumination wavelength is 780 nm. Equation (2) shows that the diffraction field in the focal region of a high NA objective has three components in the x, y and z directions. In Fig. 2 . the strength of different field components along the x axis in the focal plane is presented. It is clearly seen than all three components exist in the focal region and the maximal intensity of the longitudinal component is nearly three times that of the transverse component. Due to the dominant strength of the longitudinal components, the overall focal spot size is much narrower compared to the size of the transverse component. In order to manipulate the weighting of the electromagnetic field in the x, y and z directions, a circular opaque disk can be used to block the central part of the beam, in which situation only the beam with large converging angles makes contribution to the optical properties in the focus. Therefore, the longitudinal component contributes more to the focus, resulting in the larger electric field magnitude ratio at peaks between longitudinal component and transverse one as the radius of the opaque disk increases. For example, when the epsilon defined as the radius ratio of the opaque disk and the objective's back aperture is equal to 0 and 0.7, the ratio at peaks between longitudinal component and transverse one is 2.89 and 5.03, respectively.
SUMMARY
We have investigated the polarisation characteristics of a radially polarised beam in the focal region of a high NA objective. A more uniform electric field distribution in the focal region under radial polarisation can be generated compared with linearly polarised beam. By employing a circular opaque disk, the ratio of the longitudinal component and the transverse one can be manipulated, which could be beneficial for applications including laser trapping and photothermal therapy.
